A glucosyl and a glucosyl-glucan transferase activity from spinach (Spinacia oleracea L. var. Matador) leaves have been partially purified and characterized. The latter activity (fraction 1 after diethylaminoethylcellulose chromatography) is responsible for the transfer of glucosyl as well as of maltosyl, maltotriosyl, and higher homologous residues to glucose giving rise to maltose and the correspondingly larger molecules. This fraction also shows p-amylase activity. The transfer takes place only to glucose; maltose, as well as other ac-1,4-glucans, serve as donors. The enzyme fraction 2 is amylase-free and catalyzes only the transfer of glucosyl moieties, again with high acceptor specificity to glucose. Maltose and larger o-1,4-glucans, with the exception of maltotriose and maltotetraose, act as donors. The physiological function of these enzymes mav be the formation of oligosaccharide primers for starch synthetase or phosphorylase.
Maltose was first recognized to participate in 1,4-to 1,4-glycosyl transfer reactions with extracellular enzymes of Escherichzia coli (1, 7) , which synthesized members of the maltodextrin series from maltose. Enzymes catalyzing analogous transfer reactions have been reported in extracts of Bacillius inacerans (25) , blood plasma (22) , germinated green gram (24) , and minced algae (6) . Similarily, a recently reported cabbage leaf enzyme (17) produced several oligosaccharides from concentrated maltose solutions.
In 1961 Edelman and Keys (8) , described an enzyme from wheat germ which catalyzed the transfer of the nonreducing end glycosyl moiety of maltose to "C-glucose with reformation of "C-maltose, as in reaction 1. O-0 + 0* = 0-0*+
In reactions 1 through 5, 0 represents a glucosyl unit, 0 represents a reducing glucosyl unit, 0* represents a "C-labeled glucosyl unit,-represents an a-1, 4-linkage, and represents continuation of such bonding as in amylose.
The enzymatic activities described in this paper catalyzed (15, 26, 27, 30, 31) . Other properties of the enzymatic reactions upon preliminary purification are described.
MATERIALS AND METHODS Sources of Chemicals. Litner soluble starch and shellfish glycogen were purchased from Schuhardt, Munich. Amylopectin was prepared from fresh potato juice from which the amylose was precipitated with 1-butanol. Pure maltose was a generous gift from the laboratory of J. F. Robyt. Other maltodextrins were prepared from a fungal amylase digest of amylose precipitated three times (Sigma, St. Louis), separated on a charcoal-celite column (10) , and purified by paper chromatography on formic acid and water-washed Whatman No. 1 paper. Other oligosaccharides were from commercial sources and were purified in the same way. Other materials were reagent grade.
Radioactive compounds were obtained from the Radiochemical Centre. Amersham, with the exception of the following: 2-deoxy-glycose and a-D-glucose-1-P were from New England Nuclear, Boston; 6-deoxy-glucose was purchased from Koch-Light, Colnbrook and tritiated at Amersham; sorbitol was prepared by sodium borohydride reduction of glucose (30) ; maltose was hydrolyzed from starch of Lamiin leaves after having undergone 1 hr of photosynthesis in "4CO2 (16) ; and maltotriose and maltopentaose were purified from the alcoholic extract of Equisetum after 1 hr of photosynthesis in "CO2 (16 (29) .
EXPERIMENTAL AND RESULTS
Characterization of Transfer Reaction. When crude and ammonium sulfate fractionated preparations of the glucan transferase were incubated with soluble starch and "4C-glucose, the labeled products were maltose, maltotriose, and maltotetraose as estimated by comparison with chromatographic mobilities of standard compounds; small traces of higher oligosaccharides were also found. No branched (a-1-6-linked) oligosaccharides were detected by chromatographic observation. Nearly identical product distributions as with soluble starch were obtained with glycogen and amylopectin serving as donor in the reaction with "4C-glucose.
The location of the radioactivity in the maltose, maltotriose, and maltotetraose, obtained as above, was determined by sodium borohydride reduction, hydrolysis, and chromatography (30) . In each case, label was recovered only in sorbitol, thereby indicating that the reducing ends of these compounds had been labeled and that the mechanism of transfer for the formation of each compound was as in equations 2, 3, and 4. proved that the linkage formed in the transfer was a-1 ,4 and that maltosyl residues had been transferred, as in reaction 3.
Only when maltopentaose served as donor in the reaction with 4C-glucose were significant levels of labeled maltopentaose recovered. Products of hydrolysis of this labeled product with /8-amylase were labeled maltotriose (the sole radioactive hydrolysis product) and unlabeled maltose. In this case maltotetraosyl residues had been transferred as in reaction 5. Figure 1 shows a radioautogram of the chromatographically separated products of six experiments in which the maltodextrins, maltose through maltoheptaose, and "C-glucose were used as substrates. The largest product in each experiment, except in the case of maltoheptaose, was the size of the added donor. Because the products were labeled in the reducing end, the enzyme was capable of transferring to "C-glucose, residues of one less than the length of the original donor. Just as in reactions with starch as donor, maltose, maltotriose, and maltotetraose were products in cases in which the donors were larger than maltotetraose. Hardly detectable in Figure 1 and on the original radioautogram itself were the labeled maltodextrin products larger than the donors in each experiment. Material at the origin was also slightly radioactive after 15 min incubations. Another point of interest in Figure 1 (Fig. 2A) . The temperature dependence of the reaction is shown in Figure 2B . The reaction rates were linear with time at 20, 27, and 35 C for 33 min. At 41 C the initial reaction velocity was greater than at 35 C but decayed after 6 min. The pH activity curve (Fig. 2 C) seen, the enzyme activity decreased by a factor of 2 under these conditions within 24 hr. The presence of dithiothreitol stabilized the enzyme considerably during this time. In contrast to other glucantransferases for which calcium ion was necessary for activity (17, 22) , its presence in these incubation mixtures not only inhibited activity but also increased the lability of the enzyme towards heat (Fig. 2 B) .
Acceptors and Donors. Of several monosaccharides tested for acceptor ability with maltose as donor in the catalyzed reaction, only glucose was effective. No labeled disaccharides were detected by radioautography from chromatographic separation of the reaction mixtures of maltose and approximately 1 "C-Maltose was also tested for its acceptor ability by incubation with soluble starch and enzyme. The data in Table II , experiment 1, indicated that maltose had about 10% the acceptor ability of glucose. However, the counts in maltotriose most likely resulted from side reactions such as the transfer of maltosyl units from starch to hydrolyzed "C-glucose; since with "C-maltose as acceptor. about 3 % of the radioactivity was present in glucose at the end of the experiment. Also 1 Backgrounds of paper blanks were subtracted. 2 Glucose, maltose, maltotriose, maltotetraose, and maltopentaose are represented, respectively, by G1, G2, G3 G4, and G5. Table II , are presented hydrolysis data for the uniformly labeled maltodextrins. 14C-Glucose is not condensed in this system to yield maltose. Less than 5% of the 14C-maltose and "C-maltotriose were hydrolyzed. The extent of hydrolysis of '4C-maltopentaose and further experiments indicated that /Bamylase contaminated the ammonium sulfate fractionated preparations.
DEAE-celiulose Chromatography. Chromatography of dialyzed ammonium sulfate fractions of microgranular DEAEcellulose permitted separation of glucan transferase activities into two fractions as seen in Figure 3 . Both were identified with the standard assay. fl-amylase, as judged by increase in reducing value of soluble starch digests at pH 4.8, was eluted with one of the glucan transferase peaks by buffer alone (fraction 1), whereas the second glucan transferase activity eluted free of amylase activity with 0.10 M KCI in the buffer (fraction 2). The specific glucan transferase activity of fraction 2 was only 1.2 times greater than that of the dialyzed ammonium sulfate fraction which was applied to the column. The action of the amylase-free glucan transferase (fraction 2), on soluble starch and "4C-glucose yielded only reducing-end labeled maltose. Fraction 1 enzymes yielded labeled maltose, maltotriose, and maltotetraose under the same conditions. Reaction of "C-glucose and pure maltodextrins also differed: the fraction 1 enzyme yielded the spectrum of products of cruder preparations seen in Figure 1 , but with the amylase free fraction 2 little reaction could be detected with maltotriose, and maltotetraose. Maltose was the sole labeled product in reactions with "C-glucose and donors, maltose, maltopentaose, maltohexaose, and maltoheptaose. Figure 4 shows the relative rates of maltose formation from reaction of 'Cglucose and the pure maltodextrins with the fraction 2 preparation. Maltose was clearly the best substrate for this enzymatic activity.
DISCUSSION
The amylase-free fraction 2 enzyme described above appears to be similar to that described by Edelman .n m contained interfering activities, it is tempting to draw a parallel to the action of D-enzyme on the basis of the transfer patterns from higher maltodextrins to '4C-glucose (Fig. 1) . Formation of products which required the transfer of the penultimate linkage from the reducing end of the maltodextrin was unfavorable.
Other dextrin-4-glucantransferases have been described in human saliva (28) , liver (21, 31) , rabbit muscle (3), and yeast (18) . The glucan transferase from rabbit muscle showed preference for maltotriosyl transfer and maltohexaose was the smallest donor acted upon (3). The yeast enzyme reportedly transferred both maltosyl and maltotriosyl units from maltohexaose (18) . It transferred maltosyl units from maltopentaose, and although slowly, from maltotetraose as well. The yeast enzyme had no activity with maltose and maltotriose.
The rat liver glucosyltransferase appears to be associated with a-glucosidase activity of lysosomes (14) . The rat muscle (3) and yeast (18) enzymes are highly purified, and it appears that these homogenous proteins also carry amylo-1,6-glucosidase activity. Slight a-glucosidase activity was observed in the spinach glucosyl-and glucan transferase preparations (Table   II) , and so the possibility is open that these activities are likewise associated in spinach.
De Fekete and Vieweg (4) have proposed the regulation of 1300'- The amylase-containing fraction 1 activity has characteristics similar to the activity of D-enzyme, which has been extensively investigated by Whelan and co-workers (15, 26, 27, 30, 31) . Both enzymes transfer maltosyl and maltotriosyl residues from higher maltodextrins, amylose, and outer chains of amylopectin and glycogen to glucose. Also maltose appeared to have about 10% the acceptor capacity of glucose. However, unlike the activities described in this paper, maltose was never produced in significant quantities from the action of D-enzyme (26, 27) . Maltose was also inactive as a donor for D-enzyme. These two facts enabled Whelan (15, 31) SPINACH GLUCAb phosphorylase in starch synthesis by maltose. Since maltose is formed by the transfer of glucose from polysaccharides as well as from other oligosaccharides, the enzymes described in this paper may be more closely involved in phosphorylase regulation than amylase, as they proposed. Many of the glucosyland glucan transferases discussed above were capable of building maltodextrin products larger than the substrates. The characteristic was not a strong point of the spinach glucosyland glucan transferases, as only traces of higher oligosaccharides were observed on the radioautograms such as the one shown in Figure 1 . The strong point of these enzymes appears to lie with production of maltose, maltotriose, and maltotetraose, which have been shown to have priming activities for starch synthetase (11) and phosphorylase (32) . The existence of these oligosaccharides in photosynthetic tissue (9, 12, 16, 19) may be attributed to the glucosyl-and glucan transferase activities described here.
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